ABSTRACT: Geochemical reactions add complexity to the characterization and prediction of fracture hydraulic properties because they depend on factors that are highly heterogeneous, such as mineral composition. However, systematic analyses of fracture evolution in mineralogically heterogeneous systems are still limited. In this study, we investigated fracture evolution in multimineral systems using a reduced dimension reactive transport model. The model was developed and tested based on experimental studies and addresses the complex morphological and geochemical changes that arise from the presence of multiple minerals of different reactivities. Numerical experiments were performed using randomly generated initial fracture geometries based on representative geostatistics, different categories of mineral composition, and a range of flow rates that are relevant to geologic carbon storage systems. The simulation results showed distinct dissolution regimes at different flow rates, each of which produced characteristic dissolution patterns and temporal evolutions of chemical reactions and fracture hydraulic properties. Overall, as flow rate increases, fracture evolution shifts from compact dissolution to fracture channelization to uniform dissolution. The corresponding flow rate for a given dissolution regime, however, varies considerably with mineral composition. Fracture evolution, especially in the flow regime that induces fracture channelization, is also affected by initial fracture geometry. The numerical experiments were used to develop a multireaction Damkoḧler number (mDa) for the prediction of fracture evolution, and fracture channelization in particular, in multimineral systems. The multireaction Damkoḧler number also provides a useful framework for the evaluation of caprock integrity in geologic carbon storage systems.
INTRODUCTION
Fractures, natural and induced by anthropogenic activities, are abundant in various geological systems, including the weathered rock and soil layers and karst aquifers in the Earth's critical zone and deep geological formations that are used for energy recovery and waste disposal. 1−4 Fractures serve as preferential flow pathways in these geological systems, especially in otherwise impermeable rocks, and thus dominate gas and fluid flow and mass transfer in the geosphere. 5−8 In fractured geological systems where corrosive fluids or non-native chemicals are introduced, such as in the injection of acidic fluids for geologic CO 2 storage and hydraulic fracturing, geochemical reactions (e.g., mineral dissolution and precipitation) are promoted. 9 As a result of these chemical reactions, fracture morphology and hydraulic properties (i.e., fracture hydraulic aperture and intrinsic fracture permeability) are subject to alteration. Quantification of flow and transport in fractured rocks, which is needed for reservoir-scale simulations and for interpreting field observations, may require explicit representation of discrete fractures, 10 making fundamental understanding of the dynamic evolution of individual fractures critical.
Previous studies have shown that flow rate plays an important role in controlling fracture alteration that is driven by mineral dissolution. 11−15 The dissolution patterns show distinct features at different flow regimes. At a flow rate that is slow compared to the reaction rate, i.e., the residence time of the fluid is much longer than the time scale of reactions, local equilibrium is likely to be achieved. In this transport-controlled regime, diffusion may become important, which tends to reduce the local concentration gradient and suppress reactive instability. 15, 16 As a result, reactions and the resulting aperture change are limited to the inlet of the flow. This is also known as compact dissolution or face dissolution. At a flow rate that is fast in comparison to the reaction rate, the residence time of the fluid is short, and local reactions become surface reaction controlled. In this case, highly reactive fluids persist throughout the length of the fracture, and dissolution is uniform in the fracture. At flow rates that are comparable to the reaction rate, the interplay between flow and reactions leads to reactive infiltration instability (a form of geochemical self-organization phenomena), i.e., the perturbations due to geometric, flow, and geochemical heterogeneity are amplified to create preferential flow channels in the fractures. 17 Hydraulic properties of the fractures evolve according to the dissolution patterns. In the case of compact dissolution, fracture permeability does not increase significantly because of the lack of fracture opening at the downstream end. In the case of uniform dissolution, fracture permeability will increase substantially when no confining stress is present and can decrease under confining stresses because of the removal of asperities, i.e., contact points. 12, 18 Fracture channelization leads to a rapid increase in fracture permeability, even under confining pressure, as asperities in nonchannelized regions in the fracture are preserved and can prevent the fracture from closing. 18 The dimensionless Damkoḧler number, which is defined as the ratio between the reaction and flow rates, has been widely used to analyze dissolution patterns in fractures and porous media under different flow regimes. 11, 13, 15, 19 The interplay between flow and reaction and the resulting dissolution patterns are scale dependent. The use of the Damkoḧler number provides a unified framework to analyze the evolution of fractures of different length and mineral dissolution rate. These analyses, however, focused on simple geochemical systems, where typically only a single mineral is present, as the choice of a single reaction rate in multimineral systems is less clear. 20, 21 As revealed by several experimental studies, however, heterogeneity in mineral composition can cause complex alteration of fracture morphology and hydraulic properties. 22 −31 31 When mineral grains of different reactivities are mixed, preferential dissolution of the fast-reacting mineral(s) leaves behind a porous layer that is composed of the remaining slow-/ nonreacting minerals. This altered layer serves as a barrier that limits the contact between the fresh reactive fluid and the fastreacting mineral, resulting in increasingly reduced dissolution of the fast-reacting mineral.
25, 31 A similar phenomenon has been observed in the Earth's critical zone, where weathering rinds coat unweathered cores of rocks. 32 In fractures, the presence of the altered layer can limit the increase of fracture aperture and fracture permeability. 22, 25, 33 In certain cases where the altered layer has a large porosity and is structurally weakened, the altered layer can detach from the fracture surface or erode. If there is fracture wall erosion, the mobilized particles are transported downstream by the fluid, where they can accumulate at narrow points and reduce fracture hydraulic permeability. 23, 30 In cases where a channel forms, the mobilized particles may be transported by the flow without clogging the fracture or leading to fracture permeability decrease. 23, 34 These experimental studies have provided important insights regarding fracture alteration in multimineral systems, which are more common in the natural environment. For the same multimineral sample, the spatial patterns of fracture aperture change were observed to shift from compact dissolution to wormholing to uniform dissolution as the flow rate increases. 26 Pećlet number, a measure of the relative magnitude of diffusion and advection rate, has been used to describe the flow regimes corresponding to different fracture dissolution patterns. It does not, however, include any information on the reaction rate and therefore limits the ability to compare across mineral compositions. It has been shown that the flow regime corresponding to a given spatial pattern can be different for a mineralogically heterogeneous sample from what would be expected if no mineral heterogeneity was present. For example, channelization was not observed in an argillaceous limestone even though flow conditions that favor channelization in a pure limestone fracture were used. 23 In addition, development of the altered layer at a given flow rate was observed to vary with mineral composition. 25 Most experimental studies, however, are performed under a limited range of conditions (e.g., length, flow rate) and include sample heterogeneity that is difficult to characterize and thus do not allow systematic and quantitative analyses of fracture evolution as a function of mineral composition.
The objective of the current study is to develop an analytical framework for the investigation of fracture evolution, and fracture channelization in particular, in multimineral rock matrices such that comparison across mineral compositions is possible. To this end, we first conduct a series of numerical experiments to examine fracture evolution in multimineral systems under different flow conditions and with different levels of geometric and mineralogical heterogeneity. This investigation is enabled by the recent development of a reduced dimension reactive transport model. 34, 35 Alternative 3D models would involve explicit discretization in the dimension of the fracture aperture using either the pore-scale approach where the fracture surface is resolved explicitly or the dual-continuum approach.
36 3D models, however, are computationally demanding as fine meshing is typically required given the relatively small aperture size and altered layer thickness compared to fracture plane dimensions. In contrast, the reduced dimension model used in our study is computationally efficient. Further, the model can be viewed as conceptually similar to a dualporosity model where the exchange between the fracture and the matrix is calculated with the rate model (eqs 4−6). The model was developed and tested based on experimental studies and captures the complex morphological and geochemical changes that arise from the coexistence of minerals of differing reactivity. The key features of the model are summarized in the Methods section including flow conditions, initial fracture geometries, and geochemical conditions like mineral composition used for the numerical experiments. In the Results and Discussion section, we present the results of the numerical experiments and a multireaction Damkoḧler number (mDa) that can be used to predict and compare dissolution regimes of fractures across mineral compositions. The multireaction Damkoḧler number provides a framework for the generalization of existing experimental studies and numerical simulations. We conclude the manuscript with a discussion of the implications for caprock integrity in geological carbon storage systems.
METHODS
2.1. Reduced Dimension Reactive Transport Model. To simulate dissolution-driven fracture alteration, we adopt a reduced dimension model that was developed and tested based on experimental observations. Details of the model can be found in previous publications, 34, 35 and only the key features of the model are summarized here.
The reduced dimension model is implemented in CrunchFlow, a multicomponent reactive transport code. 37 The reduced dimension model includes three modules. The core module provides the fundamental framework in which the fracture is discretized into a 2D mesh within the fracture plane. Each grid cell is a continuum, i.e., fracture and rock matrix coexist. The governing advection-diffusion-reaction (eq 1) is discretized using the integrated finite difference method following the 2D mesh and solved for the total concentration of each component (ψ i ). The Darcian flux (u) is solved using Darcy's law and permeability, which is calculated from local fracture aperture (b i,j ) using the cubic law. 38 The isotropic tensor (D) includes molecular diffusion. The reaction term (R i ) accounts for the contribution from dissolution (negative) and precipitation (positive) reactions of minerals. Porosity of each grid cell is calculated based on local fracture aperture and updated over time.
Although the configuration of the core module allows the consideration of fracture aperture variations and therefore fracture geometry heterogeneity, the dimension across the fracture aperture is not treated explicitly, i.e., it is not discretized. Two additional modules were developed to account for the processes across the fracture aperture, specifically the development of an altered layer on the fracture surface and its erosion due to the detachment of the altered rock matrix. It is assumed that the two fracture halves are symmetric.
In the altered layer module, the reaction front for each individual mineral is tracked based on its respective reaction rate and volume fraction. As a result of differential dissolution, mineral fronts retreat into the rock matrix at different rates. The aperture of a given mineral (b i,j,m n ) is the distance between the dissolution fronts of this mineral (m n ) in both sides of the fracture, i.e., the thickness of the region where this mineral is depleted, including the fracture aperture itself, and a portion of the matrix. The mineral-specific aperture is calculated using eq 2 from the volume fraction of that mineral in the intact rock matrix ( f r,i,j,m n ) and the volume fraction of the mineral in the grid (V i,j,m n ), which is controlled by the reaction rate of the mineral.
n (2) where d z is the thickness of the simulated domain in the third dimension perpendicular to the fracture plane. The mineral front that retreats the slowest defines the fracture surface, and the distance between the two fracture surfaces is the fracture aperture, also referred to as the flow aperture or geometric aperture in this study (b i,j ) (eq 3).
The distance between the fracture surface and the mineral front that retreats the fastest is the thickness of the altered layer (L). Following previous observations, 23, 39 only diffusion and no flow is considered in the altered layer. Given that the dissolution products of the fast-reacting mineral have to diffuse through the altered layer, the dissolution of the fast-reacting mineral is increasingly subject to a diffusive transport limitation as the altered layer develops. This diffusion limitation, as quantified by the diffusion controlled reaction rate (R diff ), is proportional to the ratio between the effective diffusion coefficient of the porous altered layer (D eff ) and its thickness (eq 4). The effective reaction rate (R eff ) (eq 5) is determined by the lower value of R diff and the surface reaction rate R surf , which is calculated using transition state theory type rate laws in this study. In eq 6, k rxn is the kinetic coefficient, A rxn denotes the reactive surface area, IAP represents the ion activity product, and K eq is the equilibrium constant. The exponents n 1 and n 2 here are assumed to be one.
These formulations enable the consideration of the development of the altered layer and the diffusion limitation on subsequent geochemical reactions in the fracture. The dissolution front for each individual mineral and the altered layer thickness are calculated internally and updated dynamically in the model. The only additional input parameter is D eff , which can be calculated from the porosity of the altered layer, i.e., the sum of the porosity of the intact rock matrix and the volume fraction of the fast-reacting mineral, using Archie's law.
The erosion module accounts for the observation that dissolution of a fast-reacting cementing mineral can result in disaggregation and detachment, i.e., erosion, of the altered layer. The erosion rate of the altered layer (E [m/s], eq 7) is formulated as a function of the thickness of the altered layer, which provides a measure of the extent of dissolution of the cementing material. The erosion of the altered layer is triggered after a critical thickness (L c ) is exceeded. This is consistent with the physical process that a mineral grain can only detach from the rock matrix after the bulk of the cementing mineral is removed. The parameters η, L c , and ε are empirical constants depending on the composition and texture of the altered layer.
2.2. Initial Fracture Geometries. Initial fracture geometries used in the numerical simulations are random fields generated based on a log-normal distribution and geometric statistics reported for fractures used in previous experimental studies (Table 1) . 34, 40, 41 The fracture domain is 5.08 cm long and 2.54 cm in width, which is consistent with the typical sample size used in core-flooding experiments. Two average aperture values, 130 and 40 μm with standard deviations of 70 and 30 μm, respectively, were used to generate the random fields. For each combination of aperture statistics, two correlation lengths, 1500 and 4500 μm, were considered. A grid size of 200 μm was used to generate the random fields (Figure 1 ), which is also the size of the grid cells used in the simulations. The statistics of the generated random fields are summarized in Table 1 . Compared to random fields #3 and #4 (RF3 and RF4), random fields #1 and #2 (RF1 and RF2) have smaller roughness as measured by the ratio between the standard deviation of fracture apertures and the average aperture. RF1 and RF3 are generated with a shorter spatial correlation length.
The fracture aperture values capture the range documented for most types of rocks in the geosphere, except for large fissures that may be present in geothermal or karst environments. 6 Overall, our array of fracture aperture parameters provides an ensemble of possible geometric heterogeneity characteristics and allows us to examine their controls on fracture alteration patterns.
2.3. Mineral Composition. Three types of mineral composition are considered. The first type is composed of a single carbonate. One example is the Indiana Limestone. As there is no heterogeneity in mineral composition, it allows us to establish a baseline for fracture evolution with impacts from only geometric heterogeneity and flow rates. The second type includes two carbonate minerals of differing reactivity with the fast reacting mineral making up a small (<30% by volume) proportion of the rock. The Duperow dolomite, in which ∼10% of calcite is dispersed in a dolomite, is representative of this rock type. The third type of mineral composition is a carbonate-rich shale, i.e., the amount of a fast-reacting mineral like calcite is large (>30% by volume) and coexists with clay minerals and other silicates that are relatively slow reacting. Examples of this type of mineral composition include the Eagle Ford shale and the Niobrara shale.
For type I mineral composition, two cases, pure calcite and pure dolomite, are simulated for comparison with the other two types of mineral composition. For types II and III, the mineral composition follows the Duperow dolomite and the Niobrara shale, respectively (Table 2 ). This is because the underlying processes involved in fracture alteration in the two rocks and the corresponding parameters were well understood and documented through previous fracture flow experiments. 34, 35 The specific choice of the Duperow dolomite and the Niobrara shale does not mean that the model cannot be applied to other mineral compositions. Previous studies provide valuable insights as to what processes−mineral dissolution, diffusion-limited reaction due to an altered layer, and erosion of the altered layer−are in play for a given mineral composition. For example, the diffusion limitation from the altered layer can only be present for multimineral systems where the altered layer is able to develop, and the erosion of the altered layer is triggered only when the fast-reacting mineral is also the cementing material and exceeds a certain volume fraction of the rock. The structural strength of the altered layer will be strong enough to maintain a connected framework, and erosion will not occur if the volume fraction of the cementing mineral is too low. A threshold of 35% was suggested based on comparisons between previous experimental studies that observe detachment of the altered layer and those that do not and based on the systematic behavior observed in shales. 34, 42 In fact, several generalized mineral compositions are used in this study to investigate how variations in calcite content could affect fracture evolution for a given type of mineral composition (section 3.3). For the low calcite carbonate (type II), three additional compositions were considered, where calcite accounts for 5, 20, and 30% of the rock matrix. The amount of dolomite changes accordingly with the porosity of the intact rock matrix fixed at 10%. The effective diffusion coefficient is calculated using the respective altered layer porosity and Archie's law with parameters reported in Deng et al. (2016) . 35 For the calcite-rich shale (type III), two additional compositions were considered with calcite contents of 35 and 60%, respectively. For these two calcite-rich shales, the remainder of the rock matrix consists of equal proportions of quartz and illite, and the porosity of the intact rock matrix is 3%. The effective diffusion coefficient for the shale compositions is calculated using the respective altered layer porosity and parameters that are reported for the Niobrara shale. 34 Coefficients for the erosion rate from Deng et al. (2017) 34 were used. Different coefficients are also explored to examine their impacts on fracture alteration.
All simulations are performed at 25°C, and the kinetic coefficients used are summarized in Table 3 . We note that higher temperatures may be encountered in the subsurface, but we do not expect that using different temperature values will affect the validity of our analyses.
For each mineral composition, all four initial fracture geometries are simulated. Even though Table 1 indicates that fractures in carbonate rocks tend to have larger apertures in general, probably because of coarser grain size, there are no definitive correlation between mineral composition and fracture aperture size reported.
Flow and Other Geochemical Conditions.
A constant volumetric flow rate was imposed as the boundary condition. For each combination of geometry and mineral composition, three volumetric flow rates (10, 100, and 1000 μL/min) were simulated. These values are within the range that may be encountered in a natural and engineered subsurface environment. For these flow rates, the Pećlet number values are high and indicate that advection is more important than diffusion in the simulations. Although pressure conditions are typically more realistic boundary conditions, we use the constant flow rate here so as to maintain constant nondimensional parameters (especially Damkoḧler numbers) for the various simulations.
For a given pressure gradient (∇P) and hydraulic aperture (b h ), the flow rate (Q) through a fracture can be calculated from eq 8.
where W is the width of the fracture and μ is the dynamic viscosity.
The hydrostatic pressure gradient is on the order of 0.01 MPa/m, and the pressure gradient may reach 1 MPa/m due to fluid injection, e.g., geologic carbon storage and hydraulic fracturing. Assuming a hydraulic aperture within the range of 10−500 μm, 6 the resulting flow rate is 1−10000000 μL/min. In the simulations, fracture apertures and thus the pressure gradient across the fracture evolve as a result of geochemical reactions. The updated pressure gradient was then used in a rearranged version of eq 8 to calculate the hydraulic aperture to quantify the change of fracture hydraulic properties over time.
Fracture hydraulic aperture is related to fracture permeability by a power law relationship and is used in this study as a measure of fracture hydraulic properties because it can be readily compared with geometric fracture aperture. Hydraulic aperture is equal to the average geometric aperture, also referred to as the mechanical aperture, in parallel plate fractures and deviates from the mechanical aperture in the presence of geometric heterogeneity.
Simulations were run for 100 h except for some low flow rate simulations, which were run for 1000 h. The longer simulation time ensures similar pore volumes to the high flow rate simulations and more observable changes in the fractures.
For all simulations, the influent is a CO 2 -saturated fluid with a total dissolved carbon concentration of 1.2 mol/L and a pH of 3.2.
RESULTS AND DISCUSSION
In this section, we will first show the evolution of fracture geometry, geochemical reactions, and fracture hydraulic properties from the simulations that use a single carbonate mineral and discuss the impacts of flow rates and geometric heterogeneity. This discussion is followed by the simulation results of the low calcite carbonate and the calcite-rich shale and discussions of the role of heterogeneity in mineral composition. At the end of this section, time scale analyses in multimineral systems are introduced to provide a general framework for analyzing fracture evolution in such systems.
3.1. Homogenous Mineral Composition. In this subsection, we first focus on the different behaviors in fracture evolution caused by varying flow rate and discuss the observations that are consistent across initial fracture geometries. Then, we discuss the variations in fracture evolution that are due to differences in fracture geometry for a given flow regime.
3.1.1. The Role of Flow Rate. Figure 2 plots the changes in fracture apertures after 100 h of reactive flow at the three flow rates for the four initial fracture geometries for the pure calcite case. At the flow rate of 10 μL/min, calcite dissolution and aperture increase are limited at the inlet. Instabilities observed at the inlet propagate only a small distance into the fractures. At 100 μL/min, the instabilities are preserved and amplified, leading to the development of evident channels that penetrate deep into the fractures. As the flow rate increases further (at 1000 μL/min), the instabilities are smoothed out, and the dissolution becomes highly uniform. This is because, at the high Because the reactive fluid used in the experiment is highly acidic, mechanisms for neutral and basic environments are negligible and not included. Only the pH dependence is considered for the kinetic reaction.
flow rate, mineral dissolution is surface reaction controlled, and fluid reactivity is maintained throughout the fracture.
The effluent Ca concentration at a flow rate of 10 μL/min is stabilized at ∼40 mM, indicating that the reaction in the fracture has reached equilibrium across all geometries ( Figure  3(a) ). At 100 μL/min, the concentration decreases from 40 to ∼30 mM by the end of the simulation. This is consistent with the observation that effective surface area, and thus overall reaction rate, is reduced due to flow channeling. 28, 40 At 1000 μL/min, the concentration is much lower because the residence time is so short that there is insufficient time for local reaction to approach equilibrium. However, given the large volumetric flow rate, the total amount of dissolution after the same period of flow is highest in this case. As a result, the fracture volume at the highest flow rate is increased by 30−90× across the four fracture geometries (Figure 2(c) ). This means that, over time, a smaller fraction of the fluid that flows through the fracture is in contact with the reactive mineral, leading to a decrease in the effluent Ca concentration (Figure 3(a) ).
The evolution of the hydraulic aperture does not necessarily follow that of the mechanical aperture (i.e., average fracture aperture) proportionally, as demonstrated by the ratio between the hydraulic and mechanical apertures (Figure 4(a) ). In cases where the dissolution is localized at the inlet, the ratio decreases. This is because the downstream apertures are not enlarged and continue to constrain the flow, and the increase in apertures at the inlet does not translate into an increase in the hydraulic aperture. In cases of fracture channelization, an increase in the aperture ratio is observed after the breakthrough of the channel. The ratio can grow larger than unity, following the continuous development of the channel. As pointed out in previous studies, this disproportionally fast increase in the hydraulic aperture in comparison to that of the mechanical aperture is a characteristic feature of flow channeling. 40, 45 With uniform dissolution, the ratio between the hydraulic and mechanical aperture is close to unity. This proportional increase in hydraulic aperture with respect to mechanical aperture in uniformly dissolving fractures, however, may be suppressed or even inverted in the presence of confining stress. 12, 18, 28 For the dolomite-only simulations ( Figure 5 ), channelization is observed at a slower flow rate of 10 μL/min and at a later time step. Dissolution patterns are uniform at the two higher . Effluent Ca (a−d) and Mg (e, f) concentrations at 10 (blue), 100 (red), and 1000 (green) μL/min for the mineral composition of pure calcite (a), pure dolomite (b, e), low calcite carbonate (i.e., the Duperow dolomite) (c, f), and calcite-rich shale (i.e., the Niobrara shale) (d). The shaded areas illustrate the variations among different initial fracture geometries with the thin solid lines showing the average values. In cases of channelization, the concentrations of each individual fracture geometry are also plotted. The insets in (c) plot the thickness of the altered layer in RF2 at hour 20 at a flow rate of 100 μL/min, and at hours 200 and 1000 at a flow rate of 10 μL/min, the inset in (d) plots the thickness of the altered layer in RF4 at hour 1000 at a flow rate of 10 μL/min. flow rates. After 1000 h of reactive flow at 10 μL/min, the opening of the dolomite fracture shows a smaller magnitude and more diffuse pattern than that of the calcite fractures at hour 100 at 100 μL/min, i.e., after the same number of pore volumes of fluid flow. This shift in the dissolution regime is attributed to the fact that the dissolution rate of dolomite is ∼1 order of magnitude lower than that of calcite (Table 3) .
Overall, for each dissolution regime, the evolution trajectory of the effluent chemistry and fracture hydraulic aperture are similar to those of the pure calcite case. The effluent Ca and Mg concentrations track each other (Figure 3(b) and (e)) because the dissolution is congruent. Both concentrations decrease over time at 10 μL/min as a result of increasingly focused flow and the decrease of effective surface area. The ratio between hydraulic and mechanical aperture decreases initially before the channel breakthrough, and increases after the channel is established (Figure 4(b) ). At the two higher flow rates, the aperture ratio is maintained at about one through the entire course of the simulations. Unlike the pure calcite simulations, no temporal change is observed at the high flow rates because fracture volume increase and hence residence time change is limited. The effluent concentrations at a higher flow rate are lower than those at the slower flow rate due to shortened residence time and the transport limitation in the fracture plane on local reactions ( Figure 3(b and e) ).
3.1.2. The Role of Initial Fracture Geometry. The impacts of initial fracture geometry are secondary to those of the flow rates. Across the fracture geometries, the fracture evolution with respect to flow rate shows consistency. However, for a given dissolution regime, there are variations among different geometries. The variations are most evident when there is fracture channelization. Because local heterogeneity in fracture geometry is a major source of the perturbations that lead to fracture channelization, variations in the initial fracture aperture fields largely affect the initialization and development of channels.
In general, in random fields with less roughness and a shorter spatial correlation length (e.g., RF1), the channels are less developed after the same reaction time (Figures 2(b) and 5(a)). Accordingly, the decrease in the effluent cation concentration and thus overall dissolution rate (Figure 3(a, b , and e)) and the increase in the hydraulic−mechanical aperture ratio (Figure 4(a and b) ) are observed at a later time step. For example, for the mineral composition of pure calcite, a flow channel is well established at 100 μL/min with an aperture ratio larger than 1 by hour 100 for all initial fracture geometries except RF1 (Figure 4(a) ).
3.2. Heterogeneous Mineral Composition. Figure 6 plots the calcite aperture, which measures the distance between the calcite fronts in the two fracture halves in comparison with the flow aperture for the low calcite carbonate mineral composition, i.e., the Duperow dolomite. The former is of interest because the fast-reacting calcite plays an important role in controlling the progress of geochemical reactions affecting fluid in the fracture.
For this mineral composition, the flow aperture is controlled by dolomite dissolution. Similar to the dolomite-only cases, the fracture apertures increase uniformly at the flow rates of 100 and 1000 μL/min. At the flow rate of 10 μL/min, signs of channel development can be observed in the fractures at early time steps, and the channels become well-established at hour 1000. The spatial patterns of calcite apertures do not show similarity to those from the calcite-only simulations at the corresponding flow rate (Figure 2 ) and instead follow the spatial patterns of dolomite apertures, which control the fluid Figure 4 . Evolution of the ratio between hydraulic aperture and average mechanical aperture at 10 (blue), 100 (red), and 1000 (green) μL/min for the mineral composition of (a) pure calcite, (b) pure dolomite, (c) low calcite carbonate (i.e., the Duperow dolomite), and (d) calcite-rich shale (i.e., the Niobrara shale). The shaded areas illustrate the variations among different initial fracture geometries with the thin solid lines showing the average values. In cases of channelization, the results of each individual fracture are also plotted. flow in the fractures. The spatial coverage of the altered layer also shows distinct patterns at different flow rates. The presence of the calcite, however, causes some deviations from the dolomite-only case. The magnitude of aperture increase is smaller, and the channels are narrower.
In this two-mineral simulation, the effluent concentrations of Mg and Ca show different temporal evolution trajectories (Figure 3(c and f) ). The effluent Mg concentration is solely attributable to dolomite dissolution, whereas the effluent Ca concentration is a result of the dissolution of both calcite and dolomite but is dominated by calcite dissolution because of its more rapid dissolution rate. The decrease in Ca concentration is caused by the development of the altered layer and the resulting diffusion limitation. The altered layer diffusion limitation is the dominant factor at the higher flow rates for which the altered layer is more developed (Figure 3(c) ). When channels develop (at 10 μL/min), even though the altered layer only covers a part of the fracture, the large thickness still results in considerable diffusion limitation on calcite dissolution (Figure 3(c) ). In addition, the focusing of the fluid flow into the channel also contributes to the decrease in overall calcite dissolution. This inference is supported by the observation that Ca concentration decreases more substantially in the fracture with stronger channelization. As a result of the reduced calcite dissolution over time, a lower pH is sustained in the fracture to promote the dissolution rate of dolomite. This pH effect offsets the decrease in dolomite dissolution due to flow channeling at 10 μL/min, resulting in a continuous increase in Mg concentration.
The hydraulic aperture increases as a result of the dissolution of dolomite at a rate that is similar to the mechanical aperture at flow rates of 100 and 1000 μL/min. Channelization at 10 μL/ min causes a more rapid increase in the hydraulic aperture, leading to an increase in the hydraulic−mechanical aperture ratio after ∼200 h except for RF1 (Figure 4(c) ). The increase in the aperture ratio is more notable than the dolomite-only case because of the more focused channel development in this case. Figure 7 plots the calcite and flow apertures from the simulations that use the Niobrara mineral composition, i.e., a calcite-rich shale. Results from simulations that use initial fracture aperture fields other than RF4 are not plotted because they show similar patterns. Although calcite apertures at different flow rates begin with spatial patterns that are similar to the calcite-only case with the same initial fracture aperture field (Figure 7(a, d, and f) at hour 100), channels form at 10 μL/min instead of 100 μL/min and at later times (e.g., hour 1000, Figure 7(b) ). Given the slow reaction kinetics of minerals other than calcite, dissolution of minerals remaining in the altered layer do not cause an observable change in fracture apertures. Rather, the fracture apertures increase as a result of the detachment or erosion of the altered layer. This erosion process is triggered by the dissolution of the cementing material, i.e., calcite, and thus, fracture apertures closely track calcite apertures ( Figure 7 (c and f) ). Because sufficient calcite has to be removed for disaggregation and detachment of the altered layer to happen, calcite dissolution does not lead to an immediate change in the fracture aperture and flow field. The delay in the feedback between the flow and the reaction causes the shift in the dissolution regime.
Calcite dissolution, as indicated by the effluent Ca concentrations, decreases as a result of the diffusion limitation of the altered layer at the higher flow rates (Figure 3(d) ). Diffusion limitation is less important at the lower flow rate (10 μL/min) because of the highly localized altered layer development. The decrease is instead primarily associated with flow channeling. The channelization also corresponds to an increase in the hydraulic−mechanical aperture ratio ( Figure  4(d) ). A minor increase in the aperture ratio is also observed at early times at 100 μL/min because the fracture opening is not yet uniform, and the shape of the channels observed in the calcite-only case can still be identified (Figure 7(f) ).
3.3. Time Scale Analysis. The results of the numerical experiments demonstrate distinct behavior of fracture evolution for different mineral compositions. The interplay between flow and reactions that ultimately controls fracture alteration can be summarized by the conceptual models (Figure 8 ) for each category of mineral composition.
With a single mineral, the feedback between reaction and flow constitutes a complete and simple loop. In the presence of multiple minerals, the feedback loops become more complicated. In multimineral systems where the intact rock matrix has a low percentage of a fast reacting mineral, i.e. the altered layer has a low porosity and no detachment, fracture evolution is controlled by the feedback between the reaction of the slowreacting mineral and the flow. Whether there is fracture channelization and what the breakthrough time is are controlled by the slow-reacting mineral. However, an additional indirect feedback may exist, because the reaction rate of the slow-reacting mineral may also be affected by the fast-reacting mineral, which is in turn influenced by the flow field in the fracture.
In multimineral systems where the fast-reacting mineral is the cementing material and accounts for a large fraction such that it supports the structure of the intact rock matrix, the dominant feedback loop is the one between flow and the fast-reacting mineral. Regardless of the presence of effectively nonreactive minerals in the remaining altered layer, fracture aperture change and thus the continuous feedback between reaction and flow is enabled by the erosion of the altered layer. There is, however, a delay in the feedback, resulting in shifts in the flow regime that eventually leads to fracture channelization.
In single mineral systems, the dimensionless Damkoḧler number has typically been used to measure the interplay between flow and reactions. It is defined as the ratio between the time scale of advection (τ ad ) and reaction (τ rxn ) and has proven to be useful for investigating the evolution of fractures of different lengths and at different flow rates. Here, on the basis of the conceptual models, we propose a multireaction Damkoḧler number (mDa) to extend the use of the traditional Damkoḧler number into multimineral systems in which minerals of differing reactivity are mixed.
In general, the time scale of advection (τ ad ) is defined as the ratio between the fracture volume V frac and the volumetric flow rate Q.
The time scale of the reaction in fractures (τ rxn ) is calculated from the characteristic length (i.e., the average fracture aperture, b̅ ) and a rate constant (k b ). The rate constant measures the rate of fracture aperture change due to mineral reactions and has units of m/s. ], and A is the geometric surface area. As shown in Table 3 , the kinetic coefficient may depend on different reaction pathways (eq 12), (12) where k i is the kinetic coefficient of the respective pathway, and a i is the activity of the corresponding catalytic or inhibitory species i.
Assuming that the reactive surface area is simply the geometric surface area of the two fracture halves, eq 11 can be simplified to
In multimineral systems, the rate of aperture change can be calculated for each mineral (k b,m ) based on its respective kinetic coefficient, molar volume, and volume fraction. 
Without erosion, such as in the case of the low calcite carbonate, the actual fracture aperture is controlled by the mineral front that retreats the slowest. Then, the rate of fracture aperture change is given by the minimum of the rates of aperture change for all minerals present.
For cases where there is erosion, the rate of fracture aperture change is controlled primarily by the rate of aperture change of the fast reacting mineral (m*). We can then use the reaction rate of the fast-reacting mineral as a surrogate for the rate of fracture aperture change.
However, because the erosion occurs when the altered layer exceeds a critical thickness, the diffusion limitation from the altered layer is substantial, and the effective reaction rate should be used.
The diffusion-controlled rate is given by the effective diffusion coefficient and the critical thickness of the altered layer. The equilibrium concentration, molar volume, and mineral volume fraction are used to convert the unit from m/s for aqueous species to m/s for the solid fracture surface.
For the erosion case, another time scale (τ ero ), the time needed for the thickness of the altered layer to reach the critical threshold, should be included in the multireaction Damkoḧler number calculation so as to account for the observation that the erosion does not occur until a certain amount of cementing material is dissolved.
On the basis of the proposed extended framework, the multireaction Damkoḧler number is calculated for all simulations. For the calcite-only case, the multireaction Damkoḧler number is the same as the traditional Damkoḧler number. It is ∼6.4 × 10 −3 at 100 μL/min when evident fracture channelization is observed. The Damkoḧler number is larger at the lower flow rate under which fracture opening is localized at the inlet, whereas the value is smaller at the higher flow rate where fracture opening is uniform. 
For the dolomite-only and low calcite carbonate cases (eq 21), fracture channelization is observed at the flow rate of 10 μL/min. The multireaction Damkoḧler number values are 6.7 × 10 −3 and 6.1 × 10
, respectively, and are consistent with the calcite-only calculation. For the calcite-rich shale case for which fracture opening depends on the detachment of the altered layer (eq 22), the multireaction Damkoḧler number values at 10 μL/min ranges from 9.5 × 10 −3 to 1.6 × 10 −2 for the four fracture geometries with an average of 1.3 × 10 than those of the calcite-only case at the same flow rate by a factor of ∼5. This is consistent with the observation that channelization is observed at the lower flow rate for the Niobrara mineral composition and illustrates that the proposed framework successfully captures the underlying processes of fracture alteration in multimineral systems.
It should be noted that there are some limitations of using this framework of the Damkoḧler number. For example, it does not account for mineral spatial heterogeneity. However, it provides a useful framework for the analysis of fracture evolution in well-mixed multimineral systems. For example, the multireaction Damkoḧler number can be used to predict the change in fracture dissolution patterns caused by the change in calcite content, which is also consistent with results from reactive transport simulations as demonstrated below. Figure 9 shows the changes in fracture aperture fields after 1000 h of reactive flow at the flow rate of 10 μL/min for low calcite carbonates that have a calcite content of 5, 20, and 30%, respectively. As the calcite content increases, there is a shift from channelization to compact dissolution. With 5% calcite, the channel has penetrated the fracture, and the ratio between hydraulic and mechanical aperture has started to increase by hour 1000. In contrast, with 30% of calcite, the channel is limited to the inlet, and the aperture ratio is still decreasing. Additionally, as calcite content increases, the decrease in Ca concentration and the increase in Mg concentration are less significant after the same amount of fluid flow because it takes longer for the channel to break through. This observation is consistent across different fracture geometries.
Similar conclusions can be drawn from the proposed multireaction Damkoḧler number framework (eq 21). With higher calcite content, i.e., a smaller volume fraction of dolomite, the multireaction Damkoḧler number increases corresponding to a shift from channelization to a compact dissolution regime.
Similarly, the proposed framework allows analysis of calcite content variations and the impact on the evolution of calciterich shale fractures. For RF4 (Figure 10 ), the fracture aperture change is more focused at the inlet as calcite content increases from 35 to 60%, corresponding to a delay in the increase of the hydraulic−geometry aperture ratio. This appears to contradict the observation that the multireaction Damkoḧler number decreases as f r,cal increases. However, in this case, the effective diffusion coefficient in the altered layer, which also affects the reaction rate, increases as the calcite content increases. This would lead to an increase in the multireaction Damkoḧler number and therefore offsets the effect of f r,cal .
In the two simulations discussed above, the same critical thickness reported for a Niobrara (with ∼50% calcite) experiment was assumed. However, it is likely that, with a higher calcite content, the critical thickness is lower given the more weakened structure of the altered layer. Assuming the critical thickness is inversely proportional to calcite content and thus using a larger critical thickness for the lower calcite content (35%) simulation results in slightly enhanced development of the left branch of the channel. This is consistent with a decrease in the multireaction Damkoḧler number as L c increases and a transition toward the uniform dissolution regime. The critical thickness (L c ) is dependent on mineral composition and texture. Although future studies are needed to provide more quantitative understanding of L c as a function of mineralogy and rock texture, the multireaction Damkoḧler number can be used to provide insights regarding fracture alteration for a range of reasonable L c values.
These simulations demonstrate that many factors come into play in controlling the spatial patterns of fracture dissolution in multimineral systems, and the multireaction Damkoḧler number proposed can be useful in examining the compound effects.
IMPLICATIONS
In our study, a reduced dimension reactive transport model validated previously was used to investigate the impacts of mineral composition, flow rate, and geometric heterogeneity on fracture alteration. The results of the numerical experiments were used to develop a multireaction Damkoḧler number that extends the use of the traditional Damkoḧler number from single mineral systems to multimineral systems. The multireaction Damkoḧler number provides a useful tool for the prediction of fracture dissolution patterns in systems where minerals of differing reactivity coexist, which can be found in Earth's critical zone and deep geological systems such as granite and various sedimentary rocks. Here, as an example, we discuss some important insights regarding caprock integrity and the leakage risk of geologic carbon storage based on our findings.
The risk of brine leakage through pre-existing fractures in caprocks will depend on the dissolution regimes of fractures after being exposed to CO 2 -acidified brine. In the compact dissolution regime, the risk of leakage is low, whereas the leakage risk is high with channelization because continuous flow channels are maintained. In the uniform dissolution regime, the risk largely depends on the stress conditions. The leakage risk may be low under confining stress as fractures in the uniform dissolution regime are likely to close in response. Otherwise, the leakage risk can be high.
The traditional Damkoḧler number provides a useful framework for analyzing fracture dissolution regimes at different fracture lengths and flow rates in single mineral systems. Using the Damkoḧler number as a guide, insights derived from a limited number of experimental studies can be used to predict the dissolution regimes and caprock leakage risk for a range of pressure conditions and fracture geometries for the same mineral. Our study extends this framework to multimineral systems, such that a similar workflow can be applied to evaluate leakage risks in caprocks with various mineral compositions. The value of the multireaction Damkoḧler number for different dissolution regimes can be determined from laboratory experiments. Then, the flow rates that correspond to different dissolution regimes can be estimated for a fracture with a given length and mineral composition. Leakage risk can then be assessed for a range of flow conditions that are dictated by the pressure gradient and the fracture hydraulic apertures in the field (Figure 11 ).
For example, as illustrated in Figure 11 , with elevated pressure and thus higher flow rates, fractures in formations composed of calcite are more likely to be in the regime of channelization compared to fractures in the rock matrix of a more complex mineral composition, which are likely to be in the uniform dissolution regime. It is also indicated that, with all conditions held the same, as the fracture length increases, calcite fractures may switch from channelization to compact dissolution and therefore leads to lower risks. In contrast, fractures in low calcite carbonates and calcite-rich shales may switch from uniform dissolution to channelization and therefore maintain a high risk. 
